This is a pedagogical and self-contained review on obtaining electroweak precision constraints on TeV scale new physics using the effective theory method. We identify a set of relevant effective operators in the standard model and calculate from them corrections to all major electroweak precision observables. The corrections are compared with data to put constraints on the effective operators. Various approaches and applications in the literature are reviewed.
Introduction
Electroweak precision tests 1-4 (EWPTs) performed in the last few decades have achieved great success in establishing the standard model (SM) as the correct description of electroweak physics. Nevertheless, we are certain the SM is incomplete and expect new physics to appear at the TeV scale. The lack of experimental deviations from the SM predictions does not rule out TeV scale new physics. Rather, it provides us guidance on the directions we should pursue. The purpose of this review is to provide readers quick access to necessary knowledge and tools for constraining various extensions of the SM.
In order to be model independent, we adopt the effective field theory 5 (EFT) approach. EFT is a powerful tool when there is a distinctive scale separating the low energy and the high energy dynamics. The basic ideal is that the low energy physics can be described by an effective Lagrangian containing a few degrees of freedom which are not sensitive to extra degrees of freedom related to the details of the high energy physics. Fermi's theory of weak interaction is a well known example.
For our purpose, given a TeV scale model, we first integrate out all new physical states and obtain a set of effective operators involving the SM fields. These operators are added to the SM Lagrangian and introduce new interactions among the SM particles. Consequently they contribute to electroweak observables (EWPOs) and cause deviations from the SM predictions. Since that the experiments agree with the SM remarkably well, the deviations must be small. This is where the constraints come from. The key observation in favor of the effective theory approach is that the relevant effective operators are actually much fewer than the vast possibilities of physics beyond the SM. Therefore, it is natural to reverse the above procedure, namely, we first calculate constraints on all possible effective operators (and operator combinations) without specifying the model. Once this is done, the remaining work for constraining a given model is to obtain the operator coefficients in terms of parameters in that model. In this approach, one needs to make contact with experimental data only once. In this review, we will show how to calculate corrections to EWPOs from the effective operators, assuming arbitrary coefficients, while refer readers to Ref. 5 on how to obtain operator coefficients from an underlying theory.
Schematically, the effective theory can be written as
where L SM is the standard model Lagrangian and O i 's are operators containing only the SM fields. Since we are interested in extensions of the SM, we assume that O i 's respect the SM gauge symmetry. Below the new physics scale, all effects of the new physical states are encoded in O i 's. Of course one can only work with operators to a given order and higher order operators have to be truncated. The power counting depends on whether the electroweak symmetry is linearly or non-linearly realized. For the former, L SM is renormalizable and the electroweak symmetry is broken by the vacuum expectation value (vev) of a Higgs doublet. The power counting is determined by the canonical dimensions of the operators O i ,
where n i is the dimension of O i , c i 's are dimensionless parameters and Λ is an energy scale of O(TeV). For the non-linear case, the SM spectrum does not contain a light Higgs boson and L SM is a non-linear sigma model. In this review, I will concentrate on the linear case while also explain how to translate the results to the nonlinear case. The effective theory breaks down if the new physics contains physical states much lighter than 1 TeV. For example, the mass of the lightest neutralino can be as low as ∼ 100GeV in the minimal supersymmetric standard model (MSSM). In this case, there is not an energy scale that distinctly separates the new physics from the SM, and an EFT without the new states is not well defined. Nevertheless, the new states do not appear in initial or final states in any of the EWPT processes and their dominant contributions can often be captured in a few effective operators.
With the effective Lagrangian (2) defined, the theoretical prediction for a given observable X can be written as
where X SM is the SM prediction including loop corrections, which can be found in the literature 1-3 . X i is the correction to X from the operator O i . The current experimental precision allows us to keep only the corrections linear in the operator coefficients a i . Most of the review will be devoted to the calculation of X i , for all well measured EWPOs.
After obtaining X th , we can compare the theoretical predictions with the measured values of X and get constraints on the coefficients a i . The constraints are conveniently given in the χ 2 distribution,
where X exp is the experimental value of X, and σ X includes both experimental and theoretical errors. In practice, the above expression is complicated from correlations between different observables. At this step the advantage of the effective theory approach is manifest: all relevant experimental information has been collected in the χ 2 distribution, which is a simple quadratic function of the operator coefficients a i .
There have been many analyses using the effective theory approach in the literature 6-15 . The oblique parameters 16-22 are perhaps the best known example. The results are often given in different bases or conventions. In this review, we will adopt the basis in Ref. 6 , where all independent dimension-6 operators of the SM are included. They are discussed and trimmed according to our needs in the next section. In particular, we will identify the operators relevant to EWPTs. Section 3 contains a summary of the EWPOs included in this review. In Section 4, we calculate corrections to EWPOs from the effective operators. The constraints are then given in Section 5. The analysis largely follows Ref. 14. Section 6 contains a few discussions, including translations between different bases and conventions.
Effective Operators

The standard model Lagrangian
For establishing the notation and later convenience, we give explicitly the SM Lagrangian,
where G µν , W µν and B µν denote gauge field strength of the SM gauge groups SU (3) c , SU (2) L and U (1) Y , respectively. For simplicity, we have assumed there is only one Higgs doublet, denoted by h. The number of Higgs doublets is irrelevant for corrections to EWPOs at tree level, since all their contributions are through the electroweak breaking vev,
with v = 246GeV. The left-handed fermion doublets are denoted q and l and the right-handed singlets u, d and e. For simplicity, we have omitted the corresponding subscripts L and R and also the flavor indices.
Variations of the SM Lagrangian with respect to the fields give us equations of motion, which we can use to eliminate redundant operators 6 . Two of them will prove useful in our discussion later, which are listed below. They are obtained by varying W a µ and B µ respectively.
where g and g ′ are gauge couplings of SU (2) L and U (1) Y . Y f is the hypercharge of fermion f .
Substituting the Higgs vev in the SM Lagrangian, we arrive at the mass eigenstates,
where
Then the couplings between gauge bosons and fermions can be read from the covariant derivative,
where Q is the fermion charge and
It is often convenient to write the Z-fermion couplings in terms of g
.
New operators
Usually, experiments considered as EWPTs conserve CP, as well as baryon and lepton numbers. Constraints on processes violating these symmetries are very stringent, indicating that they are irrelevant to TeV scale physics. For example, operators contributing to proton decay have to be suppressed by the grand unification scale or higher. CP violating operators that contribute to K −K mass difference or lepton electric dipole moment are typically suppressed by a scale of 10 3 to 10 4 TeV 6 23 . Therefore, it is convenient to restrict us to operators conserving CP, and baryon and lepton numbers.
Similarly, constraints on flavor violating processes are also stringent (with the exception of processes involving the third generation). In the lepton sector, the limits on µ → eγ decay implies 10 4 TeV suppression for contributing operators 6 . In the quark sector, limits on new physics scale obtained from a variety of ∆F = 2 processes are also above 10 3 to 10 4 TeV 24 . Therefore, we will assume that the operators, and therefore the observables included in this review all conserve flavors.
The only dimension-5 operator that respects the SM gauge symmetry is the neutrino Majorana mass operator, which does not conserve lepton number and is irrelevant to EWPTs. Not counting flavors, there are 80 independent dimension-6 operators that conserve baryon and lepton numbers 6 , out of which 28 violate CP. We will go through the remaining 52 operators in this section and identify those contributing to the EWPOs.
For our purpose, it is enough to consider dimension-6 operators only. Dimension-7 operators do not contribute to EWPTs at tree level, and we do not need to go to dimension-8 or higher. The reason is the following: compared with the SM contribution, the corrections from operator O i is suppressed by (v/Λ) ni−4 or (E/Λ)
where E ≤ O(200)GeV is the energy scale involved in the EWPTs. For dimension-6 operators, this suppression is roughly equal to the experimental precision of the EWPOs when Λ is a few TeV. The suppression factor is much smaller for the dimension-8 operators which makes their contributions to EWPOs negligible unless they have extraordinarily large coefficients. The above reasoning indicates that when calculating the corrections to the EWPOs from the dimension-6 operators, we only need to work to the linear order in a i = c i /Λ 2 , since the quadratic corrections are much smaller and therefore can draft070208 6 Zhenyu Han be neglected. This means we only need to work at tree level for those operators a . Moreover, when calculating from the matrix element to the cross-section, only the interferences between the SM Feynman diagrams and diagrams induced by new operators are important. This important observation will be used to reduce the number of operators.
The linear-order assumption also helps us understand why we only need the vev of the Higgs doublet: the physical Higgs boson contributes to EWPOs only at loop levels, any corrections to the Higgs mass or coupling from dimension-6 operators will be suppressed by an extra loop factor when calculating the corrections to EWPOs and therefore negligible.
The 52 dimension-6 operators that conserve CP are enumerated below. The naming scheme follows Ref. 6 , with small changes in the notation. We will identify those that are relevant to EWPTs by general arguments in this section. More detailed calculations are presented in Sec. 4 . If the analysis here is too sketchy for the reader, it should become clear later on.
(1) Vectors only
The two operators affect triple gauge couplings. At tree level, the former only affects pure hadronic processes, which are not measured as well as EWPOs. Therefore, only the operator O W is interesting to us. (2) Fermions only
a The exception is muon (g − 2) discussed later. Due to the high precision of this measurement, loop level diagrams are also important.
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(c) LLRR operators For convenience, we have changed the form from LRRL in Ref. 6 to LLRR by using the Fierz transformation
Again we can safely ignore those operators containing four quarks. For the operators O qde and O lq , they contain pieces
contribute to the process e + e − → hadrons. However, the corresponding SM contribution are highly suppressed by electron and quark Yukawas, which are negligible. Since we are only interested in interferences between the SM and the new physics, the contributions from O qde and O lq are negligible too. Thus the interesting operators are:
The two operators affect the Higgs mass and self-coupling, which are negligible as explained earlier.
(4) Fermions and vectors
At first sight, these operators alter couplings between the gauge bosons and the fermions. However, the couplings are imaginary compared with the SM couplings. Therefore the SM diagrams do not interfere with the new diagrams. In this case, corrections from these operators can be ignored. 
When h acquires a vev, the operators
h yield corrections to the kinetic terms for G µν , W µν , B µν and h, which can be absorbed by field redefinitions. Therefore, they do not contribute to EWPOs at the order 1/Λ 2 . The other two operators O W B and O 
b An exception is, at the Z-pole, the Z-exchange diagrams with the new couplings do interfere with the SM γ-exchange diagrams and vice versa. However, these interferences are suppressed further by Γ Z /M Z besides the factor v 2 /Λ 2 . Therefore, they are negligible too.
The effects of these operators can be absorbed in the SM Yukawa couplings and therefore do not make any contribution. (7) Fermions, gauge bosons and scalar (a) One derivative
When h gets a vev, these operators modify the gauge-fermion couplings and therefore are important for our calculation. It is worth noting that the operator O hh induces a coupling in the form W
. which is absent in the SM. In other words, there is no interference for diagram containing this coupling and the SM diagram. Therefore, we expect loose bound on the operator O hh . (b) Two derivatives
Like operators in Eqs. (24), Hermitian conjugate should be added to each operator above. Most of these operators do not have a tight bound from EWPTs. They all produce couplings absent in the SM in the tree level and therefore do not interfere with the SM diagrams. The exception is O eW and O eB , which contribute at tree level to the lepton (g − 2). Indeed, the precision for electron and muon (g − 2) measurements are so good that if we naively take the operator coefficients to be O(1/Λ 2 ), the bound on Λ will be larger than 100 TeV. Usually, the contribution from TeV scale physics is suppressed by both the loop factor and the lepton mass, which makes it too small to compare with the experiments for the electron g − 2 c and the bounds from muon g − 2 comparable to the other EWPOs. Other dimension-6 operators can also make sizable contributions to muon (g − 2) at one loop level. We will come back to this observable later.
The relevant operators are summarized below. Following Ref. 14, we have simplified the notation by replacing superscripts (1) and (3) with s and t, denoting singlets and triplets respectively.
(1) Operators that modify gauge boson propagators
(2) Operators that affect tree level SM gauge-fermion couplings
(4) Operators that modify triple gauge boson couplings
(5) Operators that modify lepton g − 2
We have not specified the flavor structure for the above operators except the assumption that they conserve flavors. Flavors can be conserved separately for each generation. In this case, each of the O i 's actually corresponds to several operators with different flavors and independent coefficients. This is the most general case. However, it requires the quarks in the operators to be mass eigenstates. Therefore the new physics must be aligned with the Yukawa matrices, which seems unnatural and is difficult to realize. A simpler option is imposing flavor universality for the effective operators. This is natural for flavor-blind new physics, for example, a Z ′ gauge boson that couples to all generations universally. In this case, each O i corresponds to several operators with different flavors but the same coefficient a i . The operators should be understood to be contracted over flavor indices (in the 4-fermion operators, flavor indices are contracted over fermions (12) and (34) respectively. In the following analysis, unless specified, we will assume flavor universality. Nevertheless, calculations for flavor universal and non-universal cases are very similar and it is straightforward to translate from one case to the other.
Flavor universality is assumed in the analysis of Ref. 14. It is realized through a global U (3)
5 symmetry, with each U (3) corresponds respectively to each of q, l, u, d and e. Under the U (3), fermions and antifermions transform as fundamental and anti-fundamental representations. This is the largest symmetry of the fermion kinetic terms in the SM, i.e., the symmetry when the Yukawa couplings are turned off. This symmetry not only guarantees flavor universality, but also forbids some of the operators discussed above, for example, O qde = (lγ µ q)(dγ µ e), because lefthanded fields and right-handed fields transform under different U (3)'s. Most of those operators do not interfere with the SM, and therefore have already been excluded from the list Eq. (26)- (30) . The only exception is the operators O eB and O eW , which contribute to the muon g − 2, but is excluded in Ref. 14. In this review, we will quote results from Ref. 14 whenever is appropriate, and also include discussions on the muon g − 2. An alternative flavor symmetry is discussed in Section 6.
Following a summary of the electroweak observables in the next section, we will consider one by one the operators in Eqs. (26)- (30) and calculate their corrections to the EWPOs in Section 4.
Experiments
As mentioned before, measurements included in this review do not contain those violating CP or flavor symmetries. The observables, together with their experimental values and SM predictions are summarized in Table 1 . The experimental values and the SM predictions are excerpted from Ref. 1 except LEP 2 measurements. Multiple measurements for the same observable have been combined. We will give more information for each observable when calculating corrections from the effective operators. The information included in this review is minimal for understanding the calculations. It is strongly recommended that readers consult more comprehensive reviews for further details 1-3 .
Not shown in Table 1 are three most precisely measured observables: the fine structure constant α, Fermi constant G F determined from muon lifetime and the Z boson mass measured at LEP 1. The experimental values are 1
Not counting Higgs and fermion masses and mixings, the SM Lagrangian has three parameters g, g ′ and v. However, they are not directly measurable. Therefore we take the above three observables as the input parameters, from which the SM predictions are calculated. The SM values also depend on the top quark mass m t , the Higgs mass m h , and the strong coupling constant α s , for which the best fit values are 1 m t = 172.7 ± 2.8GeV, m H = 89 Note that the observables listed in Table 1 are often "pseudo-observables", in the sense that they are not the directly measured quantities in the experiments. For example, the LEP 1 experiments measured the cross sections for e + e − → f f at a few different center mass energy around the Z-pole. They have all been combined and translated to a few quantities at Z-pole. For LEP 2 measurements at various center of mass energies, there is no such simplification and therefore the numerical values of SM predictions are not listed in Table 1 . Instead, we have given the corresponding references.
The Z-pole observables and several low-energy observables have the best precision. They dominate the constraints whenever the considered operators contribute to them. Therefore, in the literature, some of the observables in Table 1 are often omitted, which does not significantly alter the bounds on the models in consideration. Nevertheless, there are also operators that cannot be constrained by the Z-pole and low energy measurements. As we will see, some of the 4-fermion operators are only constrained by the LEP 2 measurements. The LEP 2 measurement for e + e − → W + W − cross sections also provides us unique constraints on triple gauge couplings.
Calculations
General consideration
We now start to calculate the corrections from operators (26) through (30) to the EWPOs listed in Table 1 . In other words, we want to calculate the values of X i in Eq. (3), which is the leading order contribution to observable X from the operator O i . Before obtaining X i for each observable X, let us consider in more detail how those operators contribute:
Substituting in the vev of h, we have
where we have used Eq. (9). From Eq. (33), we can identify the corrections to the gauge boson propagators
After field redefinitions
the kinetic terms become canonical and the physical Z mass is shifted to
Another effect of the field redefinition is that the couplings between the physical gauge bosons, γ and Z, and the fermions are modified by a factor (1 + Π ′ γγ ) 1/2 and (1 + Π ′ ZZ ) 1/2 respectively. In particular, the fine structure constant becomes
The mixing term Π ′ γZ makes another correction to the Z-fermion couplings in the form
where Q f is the electric charge of the fermion f .
This is a direct contribution to the Z mass:
we read
The corrections from the other operators are similar. Combining all contributions, we obtain
where we have added the contributions from Π ′ Zγ given in (34) . As mentioned, there is also a contribution from the field redefinition of Z for each coupling,
The operators a t hl and a t hq also modify the W -fermion couplings: 
Direct and indirect corrections
Now we consider the corrections to the EWPOs. The corrections can be divided to two categories, direct and indirect. To understand the two different kinds of corrections, let us write Eq. (3) in a different way:
Here X SM (g, g ′ , v) is the SM prediction calculated from the Lagrangian parameters g, g ′ and v. At loop levels, it also depends on a few other parameters, m t , m h and α s which we take as fixed. X ′ i is the "direct" correction from new Feynman diagrams induced by the operator O i . For example, the four fermion operator (eγ µ e)(qγ µ q) introduces a 4-fermion vertex and therefore a diagram for e + e − → qq. A correction to the Z-boson coupling can also be viewed as a new diagram with a new coupling.
Less obvious are the "indirect" corrections from the shifts to the input parameters: the SM parameters g, g ′ and v and therefore X SM (g, g ′ , v) are not directly accessible. Instead, we derive them from the most precisely measured observables (α, M Z , G F ). When calculating the SM predictions X SM (α, M Z , G F ), the SM relations between (g, g ′ , v), and (α, M Z , G F ) are assumed. These relations are altered when the new operators are included. For example, the operator O h contributes to the physical Z mass. Taking into consideration the shifts, we can express (g, g ′ , v) as functions of both (α, M Z , G F ), and the operator coefficients a i 's. Since a i 's are small, we use the linear approximation to obtain
For illustration, I have simplified the formula by keeping only one parameter and one operator coefficient. Generalizing to three parameters and all operator coefficients are straightforward. Note that X SM [g(M Z )] is the SM prediction given in the literature, including loop corrections. The quantity 
Corrections to EWPOs
We start our calculation from indirect corrections, by establishing the relations between the parameters in the Lagrangian (g, g ′ , v) and the input parameters (α, M Z , G F ). For convenience, we define
Gathering the corrections to α and M Z from Eq. (34) and (39), we have
G F is obtained from muon lifetime, which is determined by the effective Lagrangian
There are two operators that contribute to the effective Lagrangian, one from the 4-fermion operator O t ll , and the other one given by the corrections to W -fermion couplings from O t hl . Therefore,
We can easily solve Eqs. (50), (51) and (52) for g, g ′ and v. For a given observable, we then substitute the solutions in the corresponding SM expression and expand to linear order in a i 's. For example, from
we obtain the corrections to M W :
where a i is in GeV −2 . Then the theoretical prediction for M W is
Note that the SM prediction M W,SM is the one given in Table 1 For other observables, we should add the direct corrections as well. In the following, we will give both direct corrections and the SM tree level formulae for calculating indirect corrections (but omit the obvious step of expanding to linear order in a i ).
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(1) Z-pole observables
The process is e + e − → f f , which was studied around the Z-pole at SLC and LEP 1. SLC also had longitudinal beam polarization. The measured crosssections and asymmetries for different center of mass energies have been translated to pseudo-observables at the Z-pole, which can all be derived from two basic quantities: the partial decay width of Z → f f , Γ f f , and the polarized asymmetry A f . They are related to the Z-fermion couplings g f V and g f A defined in eq. (13):
In the above equations, g V = g V 0 + ∆g V and g A = g A0 + ∆g A , where g V 0 and g A0 are given in (14) , and ∆g V and ∆g A are given in (43) . Note that g V and g A contain both direct and indirect corrections. From Γ f f and A f , we derive the following observables:
(a) Total decay width
where Γ had is the partial decay width to hadrons and Γ ee is the partial decay width to e + e − . (c) The ratios
(e) The polarized asymmetries A e , A µ , A τ from both LEP 1 and SLC. (f) Heavy flavor observables including
(g) Hadronic charge asymmetry Q f b . The result is translated to the leptonic effective electroweak mixing angle,
Note that at the Z-pole, the denominator of the Z propagator is dominated by iM Z Γ Z , which is imaginary relative to the 4-fermion operator contributions. Therefore, 4-fermion operators do not interfere with the Z-pole measurements and there is no contributions linear in the corresponding a i 's. They are effective in the sense that they only apply to the ν-nucleon scattering observables. Since that these experiments were performed at energies far below the Z-pole d , the effective couplings receive contributions from both 4-fermion operators and operators modifying gauge-fermion couplings. In order to cancel out uncertainties from the strong interaction, what is measured is actually the ratio between the NC and the CC cross sections. Therefore, both corrections to the NC and CC need to be considered. For the CC, comparing the effective Lagrangian in the SM
and the one with new operators
we see that it is modified by an overall factor
The effective Lagrangian for the NC is
Note that g R,ef f , 
The measured quantities are expressed in terms of the effective couplings:
(3) ν-e scattering ν − e scattering was performed at CHARM II 34 . Similarly, the corrections are obtained by considering the effective Lagrangian:
where g νe V,ef f and g νe A,ef f are measured in the experiment and related to our operators as
(4) Weak charge The weak charges for Cs and Tl are measured in the atomic parity violation experiments 35 36 . The effective Lagrangian is conventionally written in terms of C 1q and C 2q :
We only need the corrections to C 1u and C 1d :
Then the weak charge is given by
where Z and N are respectively proton number and neutron number of the atom.
(5) e + e − → f f at LEP 2 The observables are differential cross-sections for fermion pair production. In the following, we will give the formulae for the matrix elements from which the cross-sections can be calculated. Unlike LEP 1, LEP 2 experiments were performed above the Z-pole, therefore, 4-fermion operators also contribute.
where p, p ′ , k, k ′ are the momenta of the incoming e + e − and the outgoing fermions. M Z and M γ are s-channel contributions from Z and photon exchange. M 4−f ermi denotes contributions from 4-fermion operators, where depending on the fermion f , the couplings a 1 , a 2 , a 3 , a 4 are related to the operator coefficients by
For f = e, there are extra contributions from t-channel diagrams. The matrix element is (81) (6) e + e − → W + W − at LEP 2 28 There are two diagrams contributing to this process, one with t-channel neutrino exchange and the other one with s-channel γ or Z exchange. The former involves W -fermion couplings and therefore receives corrections from (45) . The γ or Z exchange diagram involves triple gauge boson couplings, which are modified by the operators O W B and O W . The relevant couplings are given by
The tree-level differential cross-section for e + e − → W + W − is calculated in Ref. 37 for arbitrary triple gauge boson couplings, which are parametrized as
where V = γ, Z and g W W γ = −e, g W W Z = −ec/s. Our effective couplings, Eq. (82), correspond to the terms multiplying κ V and λ V . To obtain the cross-section we substitute
where ∆'s denote the deviations from the SM values.
As mentioned, the operators O eB and O eW contribute to g µ − 2 at tree level,
Due to the high precision of this measurement, these corrections certainly cannot be introduced at tree level for TeV scale physics. Therefore, one should assume a eB and a eW vanish and consider loop corrections from the other operators. These include corrections to the SM loop diagram from shift of input parameters, and corrections from new loop diagrams induced by the effective operators. This has been done in Ref. 25 . In this review, we will simply assume that all corrections have been absorbed into a eB and a eW and put constraints on them using Eq. (85).
Constraints
The constraint on each individual operator is given in Table 2 . The bounds on O eB and O eW is calculated from muon g − 2 with experimental values given in Table 1 . Bounds on the other operators are taken from Ref. 14. Table 2 . Bounds on operator coefficients at 90% CL. The operator coefficient a i is bounded by the interval [−1/Λ 2 min , 1/Λ 2 max ], except for a eB and a eW which are multiplied by an extra factor of g ′ mµ/16π 2 v and gmµ/16π 2 v respectively. The Λ i (in TeV) shown in the table is the average of Λ min and Λmax. When calculating each Λ i , all other operator coefficients are set to zero. We also see from the bounds on a eB and a eW that, the muon g − 2 measurement does not give us stringent constraints if the new physics contribution is suppressed by a loop factor and the muon mass. See Ref. 25 for exceptions, as well as an analysis for the non-linear case.
Although it is clear from Table 2 how well each of the operators is constrained, in practice, constraints on individual operators are not useful. The reason is that we usually obtain multiple operators when the new physical states are integrated out. Their contributions to the observables are correlated. Therefore, in order to obtain the bounds on a new model, the full χ 2 distribution should be used. Including experimental correlations, Eq. (4) is modified to
where σ 2 is the error matrix, defined from the standard deviations σ p and the correlation matrix ρ pq as
The numerical result of the χ 2 distribution, for operators (26)- (29) , is given in Ref. 14. After obtaining the χ 2 , it is straightforward to calculate constraints for a given model once the heavy particles are integrated out and the coefficients a i 's are obtained. See Ref. [41] [42] [43] for a few examples on the little Higgs models 40 and models with a warped extra-dimension.
Discussions
Oblique corrections
The oblique corrections are modifications to the gauge boson propagators. We discuss in this section the relations between the oblique parameters and the effective operators.
S, T and U
The well known S, T and U parameters 17 are defined by
where the corrections only include new physics contributions. In our framework, the operators O h and O W B modify gauge boson propagators. Comparing with Eqs. (34) and (40), we have
We see that except for some constant factors, S and T are equivalent to a W B and a h . Moreover, there is no dimension-6 operator corresponding to the U parameter. It turns out that the dimension-8 operator (h † W aµν h)(h † W a µν h) corresponds to the U parameter. By our power counting, its contribution is negligible. This explains why U parameter is usually not significant in weakly coupled extensions of the SM. Nevertheless, as we will see, in the non-linearly realized electroweak symmetry case, U can be important due to a different power counting. Therefore, we discuss below the corrections from the U parameter to the EWPOs.
From Eqs. (88), we have 
The field redefinition affects the W mass,
and W -fermion couplings
Note that U does not affect low energy experiments such as muon lifetime (G F ) or charged current in DIS experiments because the matrix element is proportional to g 2 /M 2 W , where U cancels out. As shown in Ref. 1, the S, T and U parameters are related to other parameters (S i , hi,ǫ i ) 18-20 as
which can be used to relate our operators to these parameters as well.
W and Y
The list of oblique parameters is extended in Ref. 22 to include two more important parameters: W and Y . In the effective theory language, these parameters correspond to the dimension-6 operators
By Bianchi identities such as ∂ ρ B µν +∂ µ B νρ +∂ ν B ρµ = 0, they are equal to (∂ ν B νµ ) 2 and (D ν W νµa ) 2 respectively 44 . These operators are not independent from other operators defined in Ref. 6 . They can be related by the equations of motion. Squaring Eqs. (7) and (8), we see that each of O W W and O BB is equivalent to a combination of operators already included in out list.
Disguise the oblique corrections
Another interesting consequence of the equations of motion is that, they can be used to "disguise" the oblique corrections 44 , that is, transfer oblique corrections to equivalent non-oblique corrections. Multiplying Eq. (7) 
where we have neglected operators that do not contribute to EWPOs, and O The merit of the oblique parameters is that they are all stringently constrained by the experiments. When the new physics corrections are all oblique or the nonoblique corrections are sub-dominant, it is sufficient to consider oblique parameters only. Nevertheless, we see from Table 2 that some non-oblique operators are constrained as tightly as the oblique parameters, which are indispensable if appearing in the effective Lagrangian. In this case, an analysis using the full set of operators is required. Alternatively, one may use a subset which contains the most constrained operators (or operator combinations) and still get sensible constraints 45 .
Relax the flavor symmetry
So far, we have always assumed flavor universality for the effective operators. Although it is convenient and arises in many models beyond the SM, it is not necessary.
Bounds on flavor violation for the first two generations are very stringent, therefore it is hard to break universality for the first two generations without introducing conflicts with the experiments. However, it is possible to break flavor universality for the third generation. This is due to two reasons. First, the precisions of experiments involving the third generation is not as good as the first two generations. Second, in the CKM matrix, the (13) and (23) 
(2) Operators modifying gauge-fermion couplings:
There are fewer experiments involving the third generation than the first two. In particular, top quark never appears in the final state of any EWPTs. There is no ν τ -nucleon or ν τ -lepton scattering experiment either. Consequently, there exist "flat directions", that is, combinations of operators that do not contribute to EWPOs and therefore are not constrained. These flat directions are expressed as the relations between the operator coefficients:
Non-linear case
If electroweak symmetry is broken by new strong dynamics, the SM model is described by the non-linear chiral Lagrangian
where U is a dimensionless unitary unimodular matrix field transform as a bi-
The covariant derivative of U is defined by
For convenience, we also define
Compared with the linear case, the light Higgs is absent from the Lagrangian. Therefore, the SM predictions are different from those listed in Table 1 , but can be estimated by taking the Higgs mass to a large value in the linear case. To the leading order, the corrections from a different Higgs mass are given by 17
log m 
For more accurate results, one can use the program GAPP 48 , dedicated to the calculations of the SM predictions. The difficulty of a strongly coupled electroweak sector is that, the coefficients of the effective operators below the electroweak symmetry breaking scale is generally not calculable. Nevertheless, once we do obtain the coefficients, which should be small enough to not conflict with the experiments, the rest of the calculation is analogous to the linear case.
Assuming CP conservation, we enumerate effective operators in the chiral Lagrangian, up to dimension-6, and consider their contributions to the EWPOs. The discussion follows Ref. 9 and 44. There is one dimension-2 operator in addition to the kinetic term of U in (100):
Going to unitary gauge by setting U = diag(1, 1), we obtain a shift to the Z mass
Therefore, β 1 is equivalent to the T parameter:
At dimension-4, there are 11 independent operators involving only gauge bosons and U :
These operators can modify the gauge propagators, as well as gauge boson self couplings. We identify the operators corresponding to S and U : S = −16πα 1 , U = −16πα 8 .
Unlike the linear case, the U operator arises at the same order as the S parameter. 
There are 6 dimension-4 operators containing two fermions:
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where f = l, q. Obviously, these operators affect gauge-fermion couplings, analogous to the operators in Eq. (27) for the linear case.
Light states and loop corrections
Due to the stringent constraints shown in Table 2 , if the new physical states contribute to EWPOs at tree level, the constraints on their masses are usually more than a TeV. In this kind of models, there is a clear energy scale that separates the SM fields and the heavy states and therefore an effective theory below that scale is well defined. This is where the effective theory method finds their best use for.
There are also a variety of models that new physics contributions to EWPOs do not appear at tree level. The most extensively studied minimal supersymmetric standard model (MSSM) is one example. In recent years, the list has been extended to include universal extra dimensions with KK parity 49 , little Higgs models with T parity 50 and so forth. In these models, interactions involving new particles must include even number of such particles and therefore only contribute to EWPOs at loop levels. The loop factor suppression makes it possible to have very light new particles comparable to the Z mass, and still pass the electroweak precision constraints.
Although stringent constraints from EWPTs have been avoided, sometime one is interested in how light the new states are allowed. In principle, the effective theory breaks down because the new physics does not decouple from the SM. Nevertheless, since the EWPTs do not have new particles in the initial or final states, the loop corrections can often be written in the form of effective operators. In some cases, there are a few such operators dominating the loop corrections, which greatly simplifies the calculations. We have already seen an example: the corrections of a different Higgs mass can be absorbed to the S and T parameters. As a more complicated example, in Ref. 51 , it is shown that the major corrections for certain supersymmetric models can be encoded in the oblique parameters S, T , W and Y . 
